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Some previously-published research deals with pupils’ errors in experimentation (manual mistakes, methodological errors, 
misconceptions and pupil-specific approaches). However, many of these studies work neither with pupils who experiment 
themselves nor with individually working pupils. The article presents the observed pupils’ errors of 9th (n1 = 12), 5th and 6th 
graders (n2 = 18), recorded during individual, open experimentation using videography (60 minutes per experiment) and sub-
sequent analysis of observation protocols based on the video material and pupils’ experimentation report. In the inquiry, each 
pupil carried out two different experiments. The results replicate many errors described in the literature and also reveal new 
ones. When comparing 5th and 6th graders with 9th graders, very few differences could be observed in the pupils’ errors. The 
analysis of the strategies (pupils’ course of action) shows that five strategies (four strategies, one of which consist of two sub-
strategies) could be assigned to all pupils, which are categorised as follows: ‘Initially, only one experimental trial with all 
variables’, ‘Control variables are varied in the experimental trials’, ‘Only the assumed variable(s) and the necessary variable(s) 
are included in the experimental trials’, ‘Working in engineer mode’, ‘Procedure without hypothesis’. Not a single pupil used 
the control of variables strategy correctly. The calculation of correlations between the occurrence of errors in the two different 
contents shows few significant correlations, except in hypothesis formulation, indicating that the occurrence of pupils' errors 
is content dependent. 
Key words: experimentation; pupils’ errors; scientific inquiry 
 
ZUSAMMENFASSUNG 
Einige Forschungsarbeiten befassten sich mit Schüler*innenfehlern beim Experimentieren (manuelle Fehler, methodische Feh-
ler, Präkonzepte und schülerspezifisches Vorgehen). Viele dieser Studien arbeiteten jedoch weder mit Schülern*innen, die 
selbst experimentieren (hands-on), noch mit individuell arbeitenden Schülern*innen. Im Artikel werden beobachtete 
Schüler*innenfehler von Neunt- (n1 = 12), Fünft- und Sechstklässler*innen (n2 = 18) dargestellt. Diese wurden beim offenen 
Experimentieren in Einzelarbeit über Videographie (60 Minuten Film pro Experiment) und anschließender Analyse der aus 
den Videos erstellten Beobachtungsprotokolle und der Experimentierprotokolle der Schüler*innen identifiziert. In der Unter-
suchung führte jede Schülerin/jeder Schüler zwei verschiedene Experimente durch. Die Ergebnisse replizieren viele 
Schüler*innenfehler, die in der Literatur beschrieben werden, und zeigen neue Fehler auf. Beim Vergleich von Fünft- und 
Sechstklässler*innen mit Neuntklässler*innen waren nur sehr wenige Unterschiede in den auftretenden Schüler*innenfehlern 
zu beobachten. Die Analyse der Strategien (Vorgehensweisen der Schüler*innen) zeigt, dass alle Schüler*innen fünf Strategien 
(vier Strategien, eine davon mit zwei Teilstrategien) zugeordnet werden können: "Zuerst nur ein Ansatz mit allen Variablen", 
"In den Versuchsansätzen werden Kontrollvariablen variiert", "Aufbau besteht nur aus notwendiger und unabhängiger Varia-
ble", "Arbeiten im Ingenieurmodus", "Vorgehen ohne Hypothese". Kein/e einzige/r Schülerin/Schüler hat die Varia-
blenkontrollstrategie richtig angewandt. Die Berechnung von Korrelationen zwischen dem Auftreten von Fehlern in den beiden 
verschiedenen Inhalten ergab nur wenige signifikante Korrelationen in der Hypothesenformulierung der Schüler*innen, was 
darauf hindeutet, dass das Auftreten von Schüler*innenfehlern vom Inhalt abhängig ist. 
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1 Background and Objective 
Knowledge of the methods of scientific inquiry and the 
respective competencies necessary to answer scientific 
questions using scientific methods are considered rele-
vant parts of scientific literacy (e.g. OECD, 2017; Hod-
son, 2014; Bybee, 1997). For this reason, the educa-
tional standards of many countries include competen-
cies (or practices) for scientific inquiry (e.g. DfE, 2014; 
NRC, 2012; KMK, 2005). However, it should be kept 
in mind for teaching that the methods of scientific in-
quiry are not learned effectively when pupils only take 
part in the performance of an inquiry method (Bell, 
Blair, Crawford & Lederman, 2003). Studies have 
shown that scientific inquiry is not learned best through 
forms of open learning (Kirschner, Sweller & Clark, 
2006). This suggests that competencies (or practices) of 
scientific inquiry must be explicitly taught and learned 
at school. Therefore, natural science didactics must pro-
vide impulses, as well as educational and methodologi-
cal teaching support in order to enable effective teach-
ing, culminating in inquiry skills and enabling pupils to 
perform guided and in the long term, open inquiry. 
Paying attention to pupils’ errors could be helpful for 
the development of such impulses. Pupils‘ errors in-
clude manual mistakes, methodological errors, miscon-
ceptions, and pupil-specific approaches (see Baur, 
2018). The latter refers to the fact that pupils occasion-
ally take steps that, while not necessarily false from a 
scientific point of view, do not lead towards a solution 
in the scientific problem-solving process. Knowledge 
about pupils’ common errors is useful for diagnostics 
(Baur, 2015), feedback (learning from mistakes: 
Weinert, 1999; Oser, Hascher & Spychinger 1999), and 
lesson planning (Schumacher, 2008). It may also be 
very useful for the development of scaffolding for inde-
pendent, problem-oriented scientific inquiry. Errors are 
therefore not perceived as a deficit, but as a learning op-
portunity (Metcalfe, 2017; Schumacher, 2008). Experi-
mentation – the focus of this article – is one facet of 







1 The source references in this section are assigned with 
a letter to their domains: [B]: Biology; [C]: Chemistry; 
2 Previous Results of Research  
Research on pupils’ errors in experimenting has been 
done in psychology and various domains of science ed-
ucation (biology, chemistry, physics, and earth & space 
science). 
The results show a multitude of pupils’ errors in the dif-
ferent phases of experimentation. The following list 
contains the most common errors made within each 
phase: 
Formulate a research question: Instead of causal ques-
tions which can be tested with experiments, pupils often 
formulate content-related questions (Neber & Anton, 
2008 [C]1; Hofstein, Navon, Kipnis & Mamlok-
Naaman, 2005 [C]; Cuccio-Schirripa & Steiner, 2000 
[B, Ph]).  
State a hypothesis: Many learners do not formulate hy-
potheses when experimenting (Zhai, Jocz & Tan, 2013 
[B, C, Ph]; Millar & Lubben, 1996 [Ph]; Dunbar & 
Klahr, 1989 [P]). From the pupils’ perspectives, the pur-
pose of an experiment is to achieve an effect (Ham-
mann, Phan, Ehmer & Bayrhuber, 2006 [B]; Schauble, 
Klopfer & Raghavan, 1991 [Ph]). Often, pupils assume 
only a positive covariation between the independent and 
dependent variables (Kanari & Millar, 2004 [Ph]). Pu-
pils only establish hypotheses when they appear plausi-
ble (Hammann, 2006 [B]; Klahr; Fay & Dunbar, 1993 
[E]).  
Design and experiment: Many learners plan experi-
ments that include only one approach (one experimental 
trial) and cannot, therefore, compare the influence of the 
independent variable (Hammann, Phan, Ehmer & 
Grimm, 2008 [B]; Hammann et al., 2006 [B]). While 
some pupils do not use a control trial (Germann, Aram 
& Burke, 1996 [Ph]), others do not vary the independent 
variable (Chen & Klahr, 1999 [Ph]). The control of var-
iables strategy is also often disregarded (Siler & Klahr, 
2012 [E, Ph]; Hammann et al. 2006 [B]; Kuhn & Dean, 
2005 [E]; Schauble et al. 1991 [Ph]). In many cases, pu-
pils simply try things out without being strictly scien-
tific (Meier & Mayer 2012 [B]; Wahser & Sumfleth 
2008 [C]; Hammann et al., 2008 [B]). As a matter of 
fact, pupils rarely repeat their measurements (Lubben & 
Millar, 1996 [B, C, Ph]) and some are not able to use 
(simple) measuring instruments and laboratory equip-
ment correctly (Kechel, 2016 [Ph]).  
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Observe and analyse data: If the data determined in an 
experiment do not match the expected data, pupils sus-
pect an error in the performance of their experiment 
(Ludwig, Priemer & Lewalter, 2019 [Ph]; Wahser & 
Sumfleth, 2008 [C]; Chinn & Brewer, 1998 [P]; Carey, 
Evants, Honda, Jay & Unger, 1989 [B]). Many pupils 
ignore data that do not match their imagination (Chinn 
& Brewer, 1993 [P]; Schauble et al., 1991 [Ph]; Watson 
& Konicek, 1990 [Ph]; Kuhn, 1989 [P]; Gauld, 1986 
[Ph]). Pupils as well as adults tend to maintain hypoth-
eses and try to confirm them (Chinn & Brewer, 1993 
[P]; Klayman & Ha, 1989 [P]; Wason, 1960 [P]). For 
repeated measurements, pupils often choose the first, 
last or some value between the highest and lowest meas-
urement and do not calculate the arithmetic mean 
(Kanari & Millar, 2004 [Ph]; Masnick & Klahr, 2003 
[Ph]; Lubben & Millar, 1996 [B, C, Ph]). Some pupils 
confuse the result (observation, measurement) of an ex-
periment with its conclusion (Boaventura, Faria, Cha-
gas & Galvão, 2013 [B]). There is a tendency for pupils 
to change too many variables, making it difficult for 
them to draw a conclusion (Glaser, Schauble, Raghavan 
& Zeitz, 1992 [P]). 
A comparison of the methods used in the presented 
studies reveals that data was collected with paper-pencil 
tests, interviews, computer-based methods, hands-on 
tests with small groups, or hands-on tests with pupils 
working individually. Analyses of assessment formats 
show that the results of hands-on tests differ from those 
of other formats (paper-pencil tests, computer-based 
testing) in terms of convergence (Schreiber, 2012; Em-
den, 2011; Shavelson, Ruiz-Primo & Wiley, 1999; 
Ruiz-Primo & Shavelson, 1996). Various authors con-
firm the suitability of computer-based tests for experi-
mental tasks to diagnose pupils’ work processes (e.g. 
Schreiber, 2012). Nevertheless, it should not be over-
looked that non-hands-on tests simplify or even omit 
steps of experimentation (Schecker & Parchmann, 
2006). To illustrate, Ludwig, Priemer, and Lewalter 
(2018) show that pupils tend to react differently when 
identifying a false hypothesis in real experiments and in 
computer simulations, with pupils holding onto a false 
hypothesis in the real experiment settings. Considering 
the correct handling of substances, experimental ob-
jects, measuring instruments and laboratory materials as 
an important component of scientific work, the use of 
hands-on tests is necessary. In some of the investiga-
tions mentioned above, which included hands-on tests, 
data was collected from pupils working in small groups. 
For individual diagnosis, data must be collected from 
pupils who work individually. There are some limita-
tions to some of the studies in which hands-on tests 
were used and pupils who worked individually were an-
alysed: 
• scientists intruded on pupils’ experimental 
processes (investigation of Hammann et. al., 
2008: pupils were given pictures of the result; 
investigation of Germann et al., 1996: pupils 
received model answers after each step to be 
able to continue working), 
• guidelines were set (intervention of Kanari & 
Millar, 2004: selection of hypotheses), 
• only partial competencies of the experimental 
process were focused on; e.g. using the varia-
ble control strategy (investigation of Chen & 
Klahr, 1999), the rejection of hypotheses (in-
vestigation of Ludwig et al., 2019). 
The only hands-on test survey carried out on individual 
working pupils in which the experimental process was 
viewed in its entirety took place in a single experiment, 
which did not involve the use of laboratory equipment 
or laboratory materials, nor did it address scientific in-
quiry as such. It approached the process from a general 
problem-solving angle: in the experiment, Dunbar and 
Klahr (1989) asked test subjects to find out the function 
of a button on a computer-controlled vehicle.  
The work of Shavelson, Ruiz-Primo, and Wiley (1999) 
and Ruiz-Primo and Shavelson (1996) shows that the 
results of performance assessments can vary with con-
tent. Further surveys with hands-on tests must therefore 
be carried out with individually working pupils and 
with other experimental contents.  
Dunbar and Klahr's study focussed on pupils aged 8 to 
12 and adults and did not compare the different age 
groups of pupils. Piaget describes, in his theory, that a 
change in hypothetical-deductive thinking occurs when 
changing from the concrete operational stage to the for-
mal operational stage at the age of 11-15 years old 
(Ginsburg & Opper, 1998). In more recent developmen-
tal psychological approaches to formal-scientific think-
ing, however, it is not assumed that there are large in-
terindividual differences, but rather continuous cogni-
tive development (not in stages, as in Piaget's theory) 
and an earlier basic understanding of the logic of hy-
pothesis testing and evidence evaluating are assumed 
(Koerber, Mayer, Osterhaus, Schwippert & Sodian, 
2014). Consequently, more recent approaches also as-
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did not analyse the differences of the different aged pu-
pils, studies conducted with older pupils and with com-
parisons of the pupils of different ages may also com-
plement the findings.  
 
3 Research Questions and Hypotheses 
The following research questions regarding pupils’ er-
rors (manual mistakes, methodological errors, miscon-
ceptions, and pupil-specific approaches) can be derived 
from the aspects described above. 
• Research question 1: Which of the described 
pupils’ errors in experimenting can be repli-
cated with other content and survey methods? 
• Research question 2: What additional, yet-to-
be described pupil errors in experimenting can 
be identified with individual diagnostics? 
• Research question 3: Does the occurrence of 
pupil error in experimenting depend on the 
content?  
• Research question 4: Does the occurrence of 
pupil error in experimenting differ among pu-
pils of different ages? 
The research questions 1, 2, and 3 led to an investigation 
of 5th and 6th graders between 10 and 12 years old (Baur, 
2018, 2016). In the analysis described in this article, ex-
isting data (5th and 6th graders) was complemented with 
data from 9th graders. For this purpose, 9th graders from 
age 14 to 16 years old were observed while planning 
and conducting experiments, as with the 5th and 6th 
graders. This allows research questions 1, 2, and 3 to be 
examined using a larger sample and research question 4 
to be examined by comparing 5th and 6th graders to 9th 
graders. The investigation of research questions 1 and 2 
was carried out in an explorative manner. Research 
questions 3 and 4 were examined based on hypotheses.  
The hypothesis for research question 3 is that content 
has an influence on the occurrence of pupils’ errors. 
This is suggested by the research results of Shavelson, 
Ruiz-Primo, and Wiley (1999) and Ruiz-Primo and 
Shavelson (1996), who found out that the results of an 
assessment may depend on its content. 
The hypothesis for research question 4 is that age influ-
ences the outcome and that the results of the two sam-
ples, ‘5th and 6th graders’, and ‘9th graders’, differ. The 
hypothesis is based on Piaget's theory of cognitive de-
velopment and on recent developmental psychological 
approaches, in which it is assumed that there is an in-




The data was collected from n1 = 12 9th graders 
(aged 14-16 years, M = 15.04, SD = 0.61). The pupils 
attended a secondary school in Germany (Baden-Würt-
temberg). 
The sample (n1) consisted of six boys and six girls. 
Teachers asked pupils who met the specified achieve-
ment levels (three categories of achievement levels: 
good school performance, average school performance, 
and poor school performance) to participate in the ex-
periment. All pupils volunteered to take part in the in-
vestigation. In addition, the study was undertaken with 
the pupils’ parents’ consent. The school grades in math-
ematics, German and natural science subjects were rel-
evant for the classification. For each category, the sam-
ple consisted of an equal number of boys and girls. Us-
ing school grades for the assessment was a compromise 
for investigating a heterogeneous group of learners and 
provided a reasonable workload for the schools. The use 
of competence tests would have resulted in prolonged 
testing periods. As explained above, the data are com-
pared with the data of a previous study of 5th and 6th 
graders (Baur, 2016, 2018). The pupils were 5th and 6th 
graders (age: 10-12 years, M = 11.51, SD = 0.64) from 
two different secondary schools in Germany (Baden-
Württemberg) recruited in the same way as in sample 
n1. The sample size is n2 = 18 (six pupils from the 5th 
grade – three girls and three boys – and twelve pupils 
from 6th grade – six girls and six boys). 
 
4.2 Data recording 
The pupils were filmed while experimenting and had to 
report their work in an experimentation report (a sheet 
with the headings: Hypothesis, Material, Sketch of the 
Experiment, Description, Observation, Result and with 
space for own texts for each heading). They were given 
two tasks for which they had to plan an experiment, per-
form the experiment, and interpret the results. Task 1 
was a yeast experiment, in which pupils were told to: 
‘Find out what yeast needs to form carbon dioxide. Ma-
terial for experimentation is on the table.’ Task 2, a cone 
scale experiment, instructed pupils to: ‘Find out what 
triggers cone scales to close. Material for experimenta-
tion is on the table.’ For the planning and implementa-
tion of the experiment, pupils had a wide range of ma-
terials to choose from. Pupils were told that they don't 
have to use all the materials, but they can if they want 
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Erlenmeyer flasks, beakers, test tubes, stoppers, bal-
loons, test tube rack, precision scale, spatula, stirring 
rod, paper towels, flour, salt, cold and warm water, and 
yeast. The impulse for the experimental process was a 
short film in which pizza dough expands in a closed can 
with the resulting carbon dioxide blowing the lid off. 
Before the film was shown, the ingredients for pizza 
dough were listed in a conversation. After the film, the 
pupils were told that carbon dioxide is produced during 
fermentation and task 1 was discussed. For the second 
experiment (cone scale experiment) the following ma-
terials were provided: dried conifer cones, beakers, 
cardboard, paper towels, thermometer, hairdryer, 
cooler, ice cubes, and water. Two images were used as 
prompt: the first picture showed a conifer cone with 
opened scale, and the second picture showed that the 
cone scales were closed, one could see that it had started 
raining and that had become darker and colder outside 
(on each picture a thermometer was visible). After dis-
cussing the differences between the pictures, task 2 was 
discussed. 
If both tasks are compared, the cone scale task could be 
considered to be easier for pupils because: 
• the amount of substances (quantity of water) 
or size of objects (size of cones) is not so deci-
sive for a comparison between two or more 
experimental trials in the cone scale experi-
ment  
• the closing of the cones can be seen directly in 
contrast to the occurring gas (CO2) in the yeast 
experiment 
The pupils worked on both tasks in the same day and 
had 60 minutes for each task. Pupils performed the tasks 
in the same order: the yeast experiment followed by the 
cone scale experiment. They worked individually and 
each of them was supervised by a student assistant.   
The student assistants were trained beforehand on car-
rying out the following tasks: 
• check whether pupils understood the task 
properly and provide explanations if needed, 
• explain how to complete the experimentation 
report when experimenting, 
• remind to continue filling in the experimenta-
tion report, 
• cue pupils' ‘thinking out loud’. 
The student assistants did not help in the investigation 
execution.  
Due to organisational reasons, data recording of the 9th 
graders differs in two aspects from the data recording of 
the 5th and 6th graders: 
• pupils carried out both experiments on the 
same day (It proved difficult to find 9th graders 
willing to participate in the survey as it lasted 
two days and took place after regular classes. 
Because of this, school principals agreed to 
spare lesson time, provided it could be done in 
one day), 
• no hot water could be provided for the cone 
scale experiment, which was ultimately not es-
sential for the experiment anyway. 
 
 
Figure 1. The setting of data recording 
 
4.3 Data analysis 
The video data (9th graders: 1440 minutes; 5th and 6th 
graders: 2100 minutes) were transferred to observation 
protocols (integration of audio and video tracks). The 
software ELAN was used for transcriptions. The exper-
imentation reports were included in the observation pro-
tocols. Mayring’s (2008) Qualitative Content Analysis 
was used to reduce discourse of each observation pro-
tocol without reducing content. This was achieved in 
two steps; first by paraphrasing, which entails leaving 
out all parts of the text that do not carry content and 
simplifying it; and second, by generalising, which 
means generalising observations to a wider level of ab-
straction (Mayring, 2008, p.62). 
After minimizing the amount of text, the data were an-
alysed in a deductive manner using a category system 
developed in prior research (see Baur, 2016, 2018), 
which was open to inductive extension. Since new er-
rors could be discovered during analysis of further pu-
pils, the category system must be expandable. Assum-
ing that new errors are discovered, all previous obser-
vation protocols would have to be checked for those. 
The category system used is listed in Table 1 and 2 re-
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The analysis of the data material differentiated two lev-
els:  
• Level 1 microanalysis: consideration of each 
step in a pupil's experimental activity (cate-
gory system: see Table 1 and Table 2). 
• Level 2 macroanalysis: consideration of the 
pupil's overall approach to understanding the 
pupil's strategy to solve the given problem 
(category system: see Table 6). 
The analysis’ objectivity was checked with an inter-
rater, who also analysed 25% of the sample (interrater 
values are listed in Table 3, 4 and 6). Observation pro-
tocols for the interrater were chosen at random, but 
equivalent numbers of observation protocols were used 
for both contents the yeast experiment and the cone 
scale experiment. The interratings were used to calcu-
late Cohen’s Kappa (κ) and the percentage match (PM). 
In some cases, κ could not be calculated because of a 
division by zero2 or when one of the variables appeared 
as constant3. In these cases, only the PM was used in the 
analysis. κ and PM could not be calculated separately 
for the two tasks in 9th graders, due to the sample size 
(n1). If the interrating-samples of the yeast experiment 
and the cone scale experiment of the 9th graders had not 
been merged, only very few κ values could have been 
calculated. The merging of the data resulted in fewer 
constants and divisions by zero (see footnotes 2 and 3). 
The code-recorde method (the data was re-analysed at 
intervals of 2 to 3 months) was used to reliably analyse 
(cf. Krefting, 1991) and the interrating method (the 
measure of objectivity was also used as a reliability 
measure) was used to check reliability. 
Two of the video recordings of the 9th graders could not 
be analysed, both of which were on the subject of yeast 
fermentation. The audio track was missing in one of the 
films and the student assistant helped in the other. 
For the investigation of research question 3, correla-
tions were calculated (Pearson correlation and Yule’s 
Y) for the microanalysis. In the case of dichotomously 
distributed data, the correlation analysis results in a 
value that takes into account the coincidence of subject-
related measurement agreements and non-agreements 
in the event of an error in the two experiments. The cor-
relations control the connectedness between variable 
 
2 If an error in the entire sample is assessed as having 
occurred or not occurred by both raters, κ cannot be cal-
culated. Thus, a zero is generated under the fraction bar 
of the calculation. 
pupils’ error X of yeast experiment with the variable 
pupils’ error X of cone scale experiment. For example, 
the correlation of error H1 of the yeast experiment with 
H1 of the cone scale experiment, the correlation of error 
H2 of the yeast experiment with H2 of the cone scale 
experiment, and so on. If the correlation coefficient for 
a pupil’s error is close to 1.0, most of the test subjects 
in the yeast experiment have a comparable result with 
regard to an error as in the cone scale experiment. In 
general, the Phi coefficient is an accepted correlation 
with clear interpretations for 2x2 tables (Bonett & Price, 
2007). The Pearson correlation is, for dichotomous 
data, equivalent to the Phi coefficient. The odds ratio is 
another correlation for 2x2 tables which have excellent 
properties for small samples (Bonett & Price, 2007). 
Yule’s Y is a function of the odds ratio and leads to val-
ues between -1 and 1.  
To examine research question 4, Fisher’s exact test was 
used. The Fisher exact test is applied to small samples 
(n < 40) and is required when a value in the 2x2 table is 
less than 5 (Ludbrook, 2008).   
All statistical computing was carried out using statistics 
software R (Version 3.6.1). In general, analysis methods 
which are recommended for small samples were used.  
 
5 Results 
5.1 Results of microanalysis 
 5.1.1 Identifiable pupils errors.  Tables 3 and 4 
present errors that occurred in at least one of the 
two experimental tasks and, therefore, ones that 
were exhibited by more than two pupils of one of 
both samples (n1 or n2). In Tables 1 and 2, all pupils’ 
errors are defined, and examples of the samples (n1 
and n2) are presented. Tables 1 and 2 show the entire 
category system, all non-occurred pupils’ errors 
are marked in grey font colour. For a better overview, 
the identified errors were assigned to subprocesses 
of the experiment in accordance with Friedler, 
Nachmias, and Linn (1990). In addition, the type of 
error was distinguished in the presentation: pupil-spe-
cific approaches are presented in Table 4 and manual 
mistakes, methodological errors, and misconceptions in 
Table 3. 
 
3 If an error is assessed as having occurred or not occur-
red by only one of the interraters in the entire sample, κ 
automatically becomes zero, even though the consensus 
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Table 1 
Category system (section 1) with descriptions and examples 
 













Hypothesis is not based 
on a variable, but on an 
expected observation. 
(H1) 
P. ignores the different variables 
and limits him/herself to considera-
tions concerning a possible obser-
vation (effect). 
- P-003(♀, Y): "Hmm, what should I write 
down now [protocol]? So what do I, um, 
what I expect, right?" Student: "Mhm"  P-
003: "I expect that the lid pops off" 
- P-004(♂, C): writes assumption in the pro-
tocol: The cone scales close. 
Hypothesis consists of 
variable combination. 
(H2) 
P. hypothesises that it does not 
consist of a single variable, but of 
a combination of variables. P. 
must/would have to create a multi 
factorial experimental design to 
examine all combinations. 
- P-007(♂, C): writes assumption in protocol: 
cold, wet, dark. 
- Student: "What do you suspect?"; P-005(♂, 
Y): „Uh, flour, salt and yeast“ 
Hypothesis is changed 
during the experiment 
without being checked. 
(H3) 
While working, the p. spontane-
ously changes the hypothesis 
(several times) without having con-
firmed or refuted the previous hy-
pothesis. 
- P-001(♀, C) gradually writes down three 
assumptions without the experimental ap-
proaches having been completed (in some 
cases the approaches (set-ups) were only 
developed). 
Hypothesis is only pro-
posed during (or at the 
end of) the experiment. 
(H4)   
P. first conducts the experiment 
without a hypothesis, but then stat-
ing a hypothesis during or at the 
end of the experiment. The p. first 
tries it out. 
- P-015(♀, Y) asks student after setting up 
an experimental approach: "Um, should I 
write down my assumption?" Student: 
"Mhm, what do you think the yeast needs?"  
P-015: “Err, maybe err, yeast dough, err, 
no, that's what you do, maybe salt." 
No hypothesis is pro-
posed. (H5) 
P. performs an experiment without 
explicit hypothesis. 
- After P-011(♀, Y) has set up two experi-
mental approaches, student asks: "Did you 
have an assumption at the beginning?   P-
011: "What needs to be put in there?", P-
011 is reflecting, Student: "Or else you can 



























Missing test trial. (D1) P. creates a test series without a 
test trial or with not all test trials. 
No variation of the test variables. 
- P-001(♀, Y) puts forward the hypothesis 
'salt' and sets up an experimental trial with 
salt, flour, warm water and yeast. After a 
short time P-001 says: "I suspected that it 
was the salt" Student: "Ok". S-001: "But I 
am not sure anymore". 
Missing control trial. 
(D2) 
P. creates a test series without a 
control trial. In a control trial none 
of the variables is varied. 
- P-013(♀, Y) hypothesises warm water dur-
ing yeast fermentation and sets up different 
experimental trials, none of which contain 
all variables. P-013 then says: "I don't think 
that will happen". 
Approach without neces-
sary component. (D3) 
P. plans and prepares experi-
mental trials and forgets at least 
one necessary component (e.g. 
yeast). 
- P-010(♀, Y) sets up experimental batch, 
fetches warm water in a beaker, adds salt 
and flour and mixes. P-010: "I don't know 
what to do now" Student: "What have you 
done so far?"  P-010: "I put warm water, 
salt and flour in it. Student: "And what were 
you trying to, uh, show or find out?"   P-010: 
"I just wanted to try it". 
Use of different labora-
tory equipment between 
the individual experi-
mental trials. (D4) 
P. plans coherent experimental 
approaches with varying set-up 
(laboratory equipment). 
- P-018(♂, Y) builds up a test batch to his hy-
pothesis ‘flour is necessary for yeast fer-
mentation’ with yeast, flour, warm water in 
a test tube (closure: balloon) and a test 
batch with yeast, flour, salt, cold water in an 
Erlenmeyer flask (closure: stopper). 
The quantities of sub-
stances used in the dif-
ferent trials are not 
equivalent. (D5) 
P. does not take into account that 
the quantities of substances used 
in the trials of the test series must 
be equivalent if they are not to be 
specifically modified. 
- P-017(♂, Y) pours all substances into the 
test vessels without measuring (weighing) 
them beforehand. 
Intentional (but illogical) 
variation of sets. (D6) 
P. intentionally varies the quanti-
ties in the approaches - without 
establishing a reference to the var-
iable. 
This is not evaluated in the survey described. 
P.: Pupil; Student: Student assistant; (Y): Experimental content ‘yeast fermentation’; (C): Experimental content ‘closing 
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Table 2 
Category system (section 2) with descriptions and examples 



























Focus on proper execu-
tion of some selected tri-
als. (D7) 
P. only works precisely and neatly 
with one or several trials, the oth-
ers are not assembled precisely. 
 
Did not occur in described survey. 
Trials with the same 
content (no variation). 
(D8) 
Several test trials of a test series 
with the same content. 
- P-002(♀, Y) twice sets up an experimental 
approach with the same ingredients. 
Pupil no longer knows 
what is included in one 
(or some) experimental 
trials. (D9) 
P. has not described approaches 
and no longer knows what is in 
which trial or mixes up the trials. 
- P-010(♀, C) asks student: "Which was the 
fourth [Trial No.4]?" 
When conducting the 
experiment, the pupil 
forgets to add recorded 
materials to the experi-
mental set-ups. (D10) 
P. plans to use certain sub-
stances/laboratory equipment but 
forgets to use them during imple-
mentation. 
- P-005(♂, Y) puts warm water, flour and salt 
into a test tube and closes it with a stopper. 
The protocol also lists yeast as an ingredi-
ent. 
Experimental trials are 
altered. (D11) 
P. changes experimental trials 
(several times) without deliberating 
about effects - adds something 
else, opens the stopper, stirs etc. 
- P-002(♀, C) places cones from the 2nd trial 
in the glass of the 3rd trial. For this pur-
pose, P-002 removes the cone from trial 3 
and sets it aside. 
- P-005(♂, Y) opens test tube no. 4, stirs and 




















Observation only in one 
or a few trials. (O1) 
P. makes observation only on 
some, not all, trials. Concentration 
on one / few trials. 
 
Did not occur in the survey described. 




If nothing happens / nothing be-
comes visible immediately, the p. 
assumes it doesn't work. 
- P-011(♀, Y) sets up the experimental trial; 
she is a bit insecure, stirs in it and says: "It 
doesn't look like that", "I think I'll try it again, 
it won't work". 
The result describes 
which trial provides the 




The result describes which experi-
mental trial works best but no vari-
able is discussed. 
- P-023(♂, C) writes in the protocol: Cone 
scales closed best in ice water, then follows 
cold and dark and least when only dark. 
 
The final result cannot 
be derived from the tri-
als/observations. (A2) 
The determined result cannot be 
derived from the implementation / 
observation. 
This is not evaluated in the survey described. 
Observation/assumption 
as formulated result of 
the experiment. (A3) 
P. indicates only one observation 
or assumption as a result.  
This is not evaluated in the survey described. 
No final result. (A4) P. gives no final result. - In general: Neither a written result in the 
protocol, nor an oral result. 
Pupil believes that 
he/she can only write 
down a result when 
his/her intended result 
occurs. (A5) 
P. believes that he/she can only 
write down a result if what was 
previously expected occurs.  
- Student: "Based on what you saw, can you 
already write down a result?"  
P-003(♀, Y): "Hmm, well, no, not really, be-
cause [pause] no, I don't think so, because, 
if that doesn't rise [P. points to trial 1], then 
I've got it wrong". 
P.: Pupil; Student: Student assistant; (Y): Experimental content ‘yeast fermentation’; (C): Experimental content ‘closing 
movement of cone scales’ 
 
In Tables 3 and 4, the results of the 5th and 6th graders, 
as well as the 9th graders, are shown for each type of 
error. The corresponding p-value concerning the differ-
ence between the two groups is shown in the right col-
umn. Each cell of the results section contains the num- 
ber of pupils presenting the error. The percentage (in 
italics) is displayed in the middle of each result cell. It 
is unusual to use the percentage for small samples (if 
the sample size is less than 100, not all percentages are 
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cause of the comparison of the two samples with differ-
ent sample sizes. At the bottom of each cell, the number 
of boys and girls showing the error is indicated in pa-
rentheses. In the set of the 9th graders, two pupils could 
not be analysed in the yeast experiment (see 4.3 Data 
analysis). In the sample of 5th and 6th graders 
two pupils from the cone scale experiment could not 
be analysed. In one case the student assistant made 
a mistake, and in the other, the pupil did not take part 
in the experiment. 
 
Table 3. 
Recorded pupils’ manual mistakes, methodological errors and misconceptions 
  Ninth Graders Fifth and Sixth Graders Differences: 
Ninth G. and 
Fifth+Sixth G. 
Y: Yeast Exp. 
C: Cone Scale 
Exp. 
  Yeast Experiment Cone Scale 
Experiment 






































Hypothesis is not 
based on a varia-
































Y: p = .04 
C: ns 
Hypothesis is 
changed during the 
experiment without 



























































































































































































The quantities of 
substances used in 
the different trials 



















































































Pupil believes that 
something must 




















































PM: Percentage match 
G.: Graders 
nc1: Not calculable; all pupils are assigned a value by the raters in accordance with each other 
nc2: Not calculable; a variable is a constant (a rater assigns a value to all pupils) 
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Table 4. 
Recorded pupils’ specific approaches 
  Ninth Graders Fifth and Sixth Graders Differences: 
Ninth G. and 
Fifth+Sixth G. 
Y: Yeast Exp. 
C: Cone Scale 
Exp. 
  Yeast Experiment Cone Scale 
Experiment 


































































































































PM: Percentage match 
G.: Graders 
nc1: Not calculable; all pupils are assigned a value by the raters in accordance with each other 
nc2: Not calculable; a variable is a constant (a rater assigns a value to all pupils) 




Variables Yule‘s Y Pearson 
H1yeast <> H1cone .56 .43 
p < .05 
H2yeast <> H2cone .55 .55 
p < .001 
H3yeast <> H3cone .53 .54 
p < .001 
D1yeast <> D1cone -.03 -.03 
p > .05 
D2yeast <> D2cone  .06 .06 
p > .05 
D3yeast <> D3cone nc nc 
 
D4yeast <> D4cone .39 .13 
p > .05 
D5yeast <> D5cone nc nc 
 
D8yeast <> D8cone .45 .28 
p > .05 
D11yeast <> D11cone .04 .04 
p > .05 
O2yeast <> O2cone nc nc 
 
A4yeast <> A4cone -.43 -.15 
p > .05 
nc: Not calculable 
 
 
 5.1.2 Correlations between the pupils’ errors in 
different contents. As before in the identification of 
pupils’ errors, only errors were included to determine 
correlations, that occurred in at least one of the two ex-
perimental tasks and, therein, exhibited by more than 
two pupils of one of both samples. In total, three signif-
icant correlations were found. The correlation values 
are listed in Table 5. 
 
 5.1.3 Difference between the two samples (age ef-
fects). The calculations with Fisher exact test (see the 
right column in Table 3 and 4) show only two signifi-
cant differences: 
• Error (H1) ‘Hypothesis is not based on a vari-
able, but on an expected observation’ is ob-
served more frequently in 9th graders (in the 
yeast experiment).  
• Error (H2) ‘Hypothesis consists of variable 
combination’ is more often identified in 9th 
graders (in the cone scale experiment). 
 
5.2 Results macroanalysis 
 5.2.1 Oberseved and identified pupils’ strategies. 
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Ninth Graders Fifth and Sixth 
Graders Differences in 
frequency dis-
tribution in all 
approaches/ 
strategies: 
Ninth G. and 
Fifth+Sixth G. 
Y: Yeast Exp. 
C: Cone Scale 
Exp. 




































At first only one ex-
perimental trial with 
all variables. (S1) 
Pupil works with hypothesis 
based on variables. Pupil first 
uses only one experimental trial 
that includes all variables (not 
varied). If this does not lead to the 




























C: p = .004 
Control variables 
are varied in the ex-
perimental trials. 
(S2) 
Pupil works with hypothesis 
based on variables. Pupil plans 
experimental trials in which one 
or more control variables are var-
ied.  
At the beginning, pupil does not 
limit him- or herself to creating 
only one experimental trial with 
all variables and waiting for the 






















mental set-ups: if there are sev-
eral hypotheses), always con-
sists of only the necessary and 
the independent variable or vari-
ables. All other variables that are 


















S2 but not 
S2-A 
(S2-B) 














neer mode. (S3) 
The only defined goal (also de-
fined in the hypothesis) of the pu-
pil is to achieve a certain effect 
(stopper pops up etc.) and not to 
































PM: Percentage match 
G.: Graders 
nc1: Not calculable; all pupils are assigned a value by the raters in accordance with each other 
nc2: Not calculable; a variable is a constant (a rater assigns a value to all pupils) 
ns: Not significant 
 
(S2-A: Only suspected variable(s) and necessary varia-
ble(s) included) was found and therefore all S2 cases of 
the 5th and 6th grade sample have been analysed once 
more. The results are shown in Table 6. The structure 
of Table 6 is similar to Tables 3 and 4. 
 
 5.2.2 Difference between the two samples. The 
distributions of observable strategies differ percentage-
wise between samples and are significant for the cone 
scale experiment (see the right column in Table 6). For 
the analysis of the differences in the strategies between 
the samples, all strategies were utilised to create a 5x2 
table (5 strategies x 2 samples). For the two 5x2 tables 
(one for the yeast experiment and one for the cone scale 
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6 Discussion 
With reference to question 1, the analysis showed that 
errors already described in the literature (see Chapter 2: 
Previous results of research) were replicated by the ob-
servations of the 5th, 6th, and 9th graders and can be sum-
marized as follows: 
• For many pupils, the aim of experimenting is 
to achieve an effect (cf. H1, S3). In each of the 
experiments, 13 subjects changed their hy-
pothesis (repeatedly) without testing it (H3). 
This error can also be interpreted as a tendency 
to generate an effect or as impatience during 
work. 
• Many pupils experiment without a test or con-
trol trial. (cf. D1, D2). One striking result of 
the study is that pupils comparatively often 
forgot to include the test trial (trial in which the 
test variable is varied) rather than the control 
trial (trial in which no variable is varied). Ne-
glecting the test trial makes it extremely diffi-
cult, if not impossible, to draw evidence-based 
conclusions about the independent variable.  
• Pupils often try things out without being 
strictly scientific (cf. H4, D8, D11). 
• If the data obtained do not correspond to the 
expected data, pupils suspect an error in their 
experimental performance (cf. A5).  
• Pupils tend to change too many variables at 
once and cannot draw conclusions. In the yeast 
experiment, 13 pupils proposed hypotheses, 
and in the cone scale experiment, 16 pupils 
proposed hypotheses consisting of a combina-
tion of variables (H2). While this issue may 
not be an error, it does make it difficult for pu-
pils to plan experiments independently be-
cause a multi-factor experimental design is re-
quired.  
• In part, learners do not formulate any hypoth-
esis in their experimental work (cf. H5). How-
ever, this could only be observed in one pupil. 
This small number can possibly be explained 
by the fact that an experimentation report was 
kept which provided space for a hypothesis. 
Replicating these pupils’ errors listed above using a dif-
ferent method confirms the previously generated evi-
dence.  
In addition, further pupils’ errors could be identified 
which have not yet been described. For the yeast exper-
iment, six pupils planned and built experimental set-ups 
which did not respect the vital variable yeast (D3). This 
phenomenon was only observed in 5th and 6th graders 
and needs further investigation. However, compared to 
9th graders, there is no significant difference. In the 
experimental content ‘yeast’ 20 pupils used different 
laboratory equipment between the related experimental 
trials (D4) and in the cone scale experiment, only 
one pupil did so. When working on the experimental 
content ‘yeast’, 19 pupils did not consider that they 
had to use equivalent quantities of substances in their 
related experimental trials (D5). Germann et al. (1996) 
were able to observe in their study that a lot of pupils 
do not explicitly describe the use of equivalent labora-
tory equipment and quantities of substances in their 
experiment protocols, which was already an indication 
that it is not relevant for pupils. The two issues (D4 
and D5) can be summarised and generalised as a ‘trial 
and error’ approach of pupils. Other literature has also 
described it in this general way (Meier & Mayer 2012; 
Wahser & Sumfleth 2008; Hammann et al., 2008). 
Strictly speaking, the use of different laboratory equip-
ment in related experimental trials (e.g. vessels with 
different volumes; one trial with a balloon to detect 
CO2 development and the other trial with a stopper) and 
the use of non-comparable quantities in a series of 
experiments could also be considered an error in keep-
ing the control variables constant. As a consequence 
of the error D3, to improve experimental skills, it seems 
to be of crucial importance in class to teach the pupils 
about vital variables as well as independent and depend-
ent variables. Another point of particular relevance for 
the lesson is the necessity of teaching concerning 
the non-variation of laboratory material and amount 
of material used (conclusion on pupils' errors D4 and 
D5). 
In the macroanalysis, which identified strategies de-
scribing the overall process, all pupils, in both contents, 
could be assigned to four classes. One class (S2: ‘vary-
ing control variables’) could be further subdivided into 
two subclasses S2-A and S2-B (S2-A: Only suspected 
variable(s) and necessary variable(s) included; S2-B: 
S2 but not S2-A). This subdivision is an extension of 
previously published results on the strategies (Baur, 
2018). In terms of frequency, the 5th and 6th graders 
were most likely to ‘vary control variables’ (S2) and 
‘work with only one trial containing all variables’ (S1), 
whereas the 9th graders were more likely to ‘work in en-
gineering mode’ (S3) and ‘vary control variables’ (S2). 
It is noticeable that no pupil used the ‘control of varia-
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With regards to question 3, only a few correlations be-
tween pupils’ errors were found. Some of these were 
found in the subprocess of ‘hypothesis generation’. This 
suggests that the content determines the occurrence of 
an error in the other subprocesses. The results need fur-
ther examination, as a learning effect as a result of the 
first experiment is also conceivable. However, it also 
illustrates once more that an experimental competence 
should not only be investigated with one experimental 
content (see also Shavelson et al., 1999; Ruiz-Primo & 
Shavelson, 1996), but with several contents in cross-de-
sign, e.g. a change of the presented order of the experi-
mental contents within the sample. A non-significant 
correlation at D5 (the quantities of substances used in 
the different trials are not equivalent) cannot be inter-
preted. The error could not be unambiguously evaluated 
at D5 in the cone scale experiment (difficult to recog-
nize in the video) and was therefore only evaluated for 
the yeast experiment. 
The comparison of the age groups (question 4) reveals 
only a few significant differences. This result stands in 
contrast to findings on scientific thinking, in which an 
age-related development of abilities is described (Koer-
ber et al. 2014; Piaget, 2001; Ginsburg & Opper, 1998). 
It may be possible to detect other differences if the sam-
ple is expanded to include even younger pupils. The dif-
ferences concern the percentage distribution of the strat-
egies as well as the errors H1 (hypothesis is not based 
on a variable, but an expected observation) and H2 (hy-
pothesis consists of a combination of variables). H1 oc-
curred more frequently among older pupils in the con-
text of the yeast experiment and H2 occurred more fre-
quently among older pupils in the context of the cone 
scale experiment. Previous knowledge of pupils should 
be considered a limitation regarding the investigation of 
question 4, as it was not feasible to control the pupils’ 
knowledge gained prior to the experimentation. The pu-
pils do not differ, despite the fact that 9th graders should 
have learned more about experimenting and should 
have gained more experimental practice than 5th and 6th 
graders (see Educational Standards of Baden-Württem-
berg: MKJS, 2004). The results of question 4 suggest 
that gaining experimental competence does not take 
place solely through adolescence and cognitive devel-
opment alone but requires instruction in which pupils 
learn explicitly about the process and the elements of an 
experiment. Example questions that hint at such explicit 
knowledge include: What exactly is the definition of an 
experiment? What is the definition of a hypothesis and 
the reason for hypothesis testing? What is the ‘control 
of variable strategy’ and which parameters can or need 
to be controlled in an experiment? 
The results of the entire study open up approaches for 
lesson planning and might lead to further research ques-
tions. Applications for lesson planning include, but are 
not limited to, the following examples. First, for scaf-
folding, knowledge about pupils’ errors could be help-
ful for addressing them individually. Thus, this 
knowledge enables the supervisors to support the pupils 
in moving up one level in a sub-process of experimen-
tation. Second, for pedagogical diagnostics purposes, 
the pupils’ errors could be general items of routine anal-
ysis that a teacher takes into account for the individual 
assessment and planning. Questions about further re-
search that have emerged are the following questions. 
Are there any relationships between the different pu-
pils’ errors? What kind of teaching techniques are use-
ful to address pupils' errors? Are there any pupils’ errors 
that are more likely to be discussed with younger or 
older pupils? 
In the evaluation of all results, possible effects of com-
munication between student assistants and pupils must 
be considered as a limitation. Despite control of com-
munication, pupils can be encouraged to think when 
student assistants ask them questions about the pupil’s 
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